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Assistive Control System Using Continuous
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Abstract—In some stroke rehabilitation programs, robotic sys-
tems have been used to aid the patient to train. In this study, a
myoelectrically controlled robotic system with 1 degree-of-freedom
was developed to assist elbow training in a horizontal plane with in-
tention involvement for people after stroke. The system could pro-
vide continuous assistance in extension torque, which was propor-
tional to the amplitude of the subject’s electromyographic (EMG)
signal from the triceps, and could provide resistive torques during
movement. This study investigated the system’s effect on restoring
the upper limb functions of eight subjects after chronic stroke in
a twenty-session rehabilitation training program. In each session,
there were 18 trials comprising different combinations of assistive
and resistive torques and an evaluation trial. Each trial consisted
of five cycles of repetitive elbow flexion and extension between 90
and 0 at a constant velocity of 10 /s. With the assistive extension
torque, subjects could reach a more extended position in the first
session. After 20 sessions of training, there were statistically signif-
icant improvements in the modified Ashworth scale, Fugl–Meyer
scale for shoulder and elbow, motor status scale, elbow extension
range, muscle strength, and root mean square error between actual
elbow angle and target angle. The results showed that the twenty-
session training program improved upper limb functions.
Index Terms—Arm tracking, myoelectric control, robot-assisted
rehabilitation, stroke.
I. INTRODUCTION
S TROKE is a leading cause of death and disability in manycountries [1]. Patients after stroke are often reported to
have a lower quality of life (QOL), due to stroke-induced dis-
abilities, than normal subjects of similar age [2], [3]. Poststroke
depression is also reported in patients after stroke with impaired
QOL [4]. It is important for them, their families, and society that
they are helped in restoring their lost motor functions to improve
their QOL.
Rehabilitation training has been shown to have a positive ef-
fect on neurological restoration of limb functions [5]. Conven-
tionally, rehabilitation training can be conducted by therapists in
a one-on-one manual mode in a hospital. In recent years, robotic
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systems have been developed as useful complementary units to
therapists to manipulate a paretic arm [6]–[12]. MIT-Manus is
a robotic system designed for upper limb stroke rehabilitation
[5], [8]. The key feature of MIT-MANUS is its impedance con-
trol, which can keep a compliant trajectory under perturbation.
Its therapeutic effect has been confirmed through a series of ex-
periments [12]–[14]. Mirror-image movement enabler (MIME)
is 3-D space [10], [15]. Patients can use their unaffected side
to control their affected side to practice mirror-image move-
ment by a bimanual position feedback strategy. Daily therapy
with MIME in chronic hemiparetic subjects showed a signifi-
cant improvement in their muscle strength and motion function
[15]. ARM Guide was designed for both training and evalua-
tion of upper limb reaching functions in a linear trajectory [9],
[16]. Colombo et al. also designed a wrist manipulator with
1 degree-of-freedom (DOF) and an elbow–shoulder manipu-
lator with 2 DOF for rehabilitation of upper limb movements.
They used admittance control to reduce the inertia and facili-
tate the movement [6]. Recent developments involving rehabil-
itation robots have worked toward interactive control, with the
robotic systems reacting to inputs from the subject [11].
Myoelectric control is related to the subject’s intention and
can be used as a control variable since surface electromyo-
graphic (EMG) signals reflect the activities of the muscles.
EMG signals have been frequently applied in the control of
prosthetics for more than forty years and can be classified in
“on–off” control [21], proportional control [22], and a more
complex form, for distinguishing different kinds of motion
[19], [20]. Myoelectric control has also been reported for the
control of functional electrical stimulation (FES) systems in
rehabilitation [18], [23], [24], since voluntary physical exercise
is important to promote the recovery of brain function in pa-
tients after stroke [17]. Recently, many researchers have used
EMG signals to continuously control exoskeleton robots that
can be worn by the human subject as an assistive device. The
researchers used EMG signals of selective muscles to estimate
the joint torque, and applied the assistive torque to the joint to
provide additional power. In such studies, the system is under
the control of the subject’s intention, functioning like additional
muscle groups [26]–[29]. However, Rosen et al. only applied
the robotic system using continuous EMG control on normal
subjects to share the loading [26], [27]. Cheng et al. applied
their system to provide continuous assistive torque for subjects
after stroke [28]. Their systems could improve the elbow torque
capability of unimpaired subjects and of subjects after stroke
within their voluntary range-of-motion, respectively. However,
1534-4320/$25.00 © 2008 IEEE
Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on May 06,2010 at 08:53:33 UTC from IEEE Xplore.  Restrictions apply. 
372 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 16, NO. 4, AUGUST 2008
Fig. 1. Architecture of the myoelectrically controlled robotic system.
it has not been reported if those kinds of devices could help
subjects after stroke to perform rehabilitation beyond their
voluntary range, and if those kinds of devices could be applied
as a rehabilitation robot in a robot-aided therapy. The use of
myoelectrically controlled robot-aided therapy for subjects
after stroke has so far been studied in an EMG-triggered
“on–off” control [25]. A sensorimotor integration theory has
been applied to explain that the voluntary efferent output as
well as the afferent sensor input were helpful to promote the
reorganization of the brain [18]. Though the subject could only
control the initial action of the external robotic system in the
EMG-triggered “on–off” control, the robotic system would
afterward operate with a predefined trajectory or action for a
period of time, which had no interaction with the EMG signal
during this period until the time allowed for the next trigger
event. The additional intention control through continuous
myoelectric control could provide more interaction during
the whole motion, which might be beneficial in promoting
the restoration of motor functions for patients after stroke.
Our pilot study had reported promising therapeutic effects
of a myoelectrically controlled robotic system in improving
muscle strength and extension range in three subjects [30]. In
this present study, eight subjects after stroke were recruited
for statistical analysis to evaluate the effects of training with
a continuous myoelectrically controlled robotic system. The
outcome parameters included clinical scales (modified Ash-
worth scale, Fugl–Meyer scale, and motor status scale), muscle
strength, range-of-motion, and robot-measured parameters.
If there was no EMG activation from the subject, the robotic
system would not generate an assistive torque. Therefore, all
of the subjects were encouraged to use their residual voluntary
EMG to actively participate in the training.
II. METHODS
A. System
The structure of the myoelectrically controlled robotic
system is shown in Fig. 1 and consists of a personal computer
Fig. 2. Diagram of the myoelectrically controlled robotic system.
(PC), a PC-based data acquisition device, an actuated mechan-
ical part, and an EMG amplifier. After being captured through
EMG electrodes (Noraxon, Scottsdale, AZ) and amplified by
the EMG amplifier, the EMG signals together with the torque
signal and the angle signal were inputted through the data acqui-
sition (DAQ) card (PCI 6036E, National Instruments, Austin,
TX) into the computer. The software has three functions: 1) it
generated a control signal and controlled the motor to provide
mechanical help through the DAQ card, 2) it provided a task to
guide the subject and provided real-time visual feedback to the
subject during the task, displaying both the target and the actual
elbow joint angle on a computer screen placed in front of the
subject, and 3) it stored the EMG, torque and angle signals for
further analysis. The mechanical part of a robotic manipulator
with 1 DOF was designed and fabricated for assisting the move-
ment of elbow flexion and extension (Fig. 2). The two layers
of aluminum plates were connected by four aluminum pillars.
The lower plate was fixed to a table. The direct drive (DDR)
brushless AC servo motor (DM 1045B, Yokogawa, Japan) was
fixed to the lower plate. The motor was connected to a torque
sensor (AKC-205, 701st Research Institute of China Aerospace
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Science and Technology Corporation, China). The other end
of the torque sensor was connected to a manipulandum. An
orthosis with a semicircular cross section was attached to the
manipulandum. The subject’s forearm was placed inside the
orthosis and straps were used to secure the forearm in place.
The manipulandum had a handle that the subject grasped for
the experiment. The position of the handle was adjustable
according to the length of the subject’s forearm. The upper arm
was also fastened by a strap to a support mounted on the upper
aluminum plate. The orthosis and manipulandum could guide
the forearm to rotate with an axis of rotation in line with the
motor and the torque sensor. The torque sensor could measure
the interaction torque between the manipulandum and the servo
motor. The DDR motor was driven by a servo driver (SD1045B,
Yokogawa, Japan). An optical incremental shaft encoder was
attached to the motor shaft for measuring the joint angle.
For safety reasons, three steps were taken to protect each sub-
ject during the experiment. First, two mechanical stops were
used to limit the rotation range of the motor. Second, the soft-
ware program limited the output torque to a preset range of 5
to 5 Nm, and the operation would be stopped if the motor ex-
ceeded this range. Third, an emergency stop could be pressed
by the subject to break the power supply to the servo motor if
needed.
B. EMG-Signal Processing Procedures
Abnormal biceps activation during elbow extension is often
found in subjects after stroke, reflecting the impairment of their
ability to selectively activate flexors and extensors [44]. Using
this finding, the present study avoided using the subjects’ elbow
flexors for the control signals during elbow extension in order to
minimize the interference of abnormal firing patterns from the
biceps in the movement. The EMG signal from medial triceps
brachii of the affected arm was used as the control signal for
proportional control of the robotic system.
The EMG signals were amplified with a custom-made EMG
system using an instrumentation amplifier (INA126, Texas In-
struments, Dallas, TX). The signals were amplified with a gain
of 1000 and were band-pass filtered in a 10–400-Hz band. The
EMG signals were all sampled at 1000 Hz. The envelope of the
EMG signals was obtained after the signals were full-wave rec-
tified and filtered with a moving average window (100 ms).
The processed triceps EMG signals were then normalized
to the range 0–1 for , as in the following [28]:
(1)
where was the amplitude of the processed triceps EMG
signal at rest, and was the maximum amplitude of
the processed triceps EMG signal during maximum isometric
voluntary extension (MIVE) at 90 elbow flexion. The assistive
torque was estimated based on the normalized EMG
signals, as in the following:
(2)
where was the gain for EMG to torque conversion. The EMG-
torque gain was set at 0%, 50%, and 100% in this study.
was the MIVE torque. The resultant torque is shown in the
following:
(3)
where . was the MIVE torque during
elbow extension and the maximum isometric voluntary flexion
(MIVF) torque during elbow flexion. was a coefficient of the
resistive torque, the level of which ranged from 0%, 10%, and
20%. The range of the EMG-torque gain (0%–100%) and the
coefficient of the resistive torque (0%–20%) were determined
in a pilot experiment with twelve subjects after chronic stroke
and based on the performance of their movements. The 12 sub-
jects could manipulate the system easily, with the above-men-
tioned parameters during elbow flexion and extension in the
robotic system.
C. Experiment Setup
Eight of the 12 subjects in the pilot study (seven males, one
female) were recruited for this present study consisting of a
twenty-session training program, based on their availability to
participate in the 20 sessions of training. The mean age of the
eight subjects was 50 9 years, and they ranged from 39 to
62 years. Each subject was to undergo 20 sessions of training,
with three to five sessions conducted each week over six con-
secutive weeks. The criteria for recruiting the subjects included
the following: 1) there should be at least six months after uni-
lateral stroke in order to minimize the effect of spontaneous re-
covery [49] (the mean duration from stroke onset was 5.7
4.2 years, ranging from 10 months to 13 years), 2) the subjects
should not have visuospatial, cognitive, or attention deficits that
would prevent them from following instructions or performing
the experimental procedures, and 3) the subjects should have a
measurable EMG signal from medial triceps brachii (the pro-
cessed EMG signal after the moving window should be at least
twice as large than that at rest). This study was approved by the
Human Subject Ethics Sub-Committee of The Hong Kong Poly-
technic University. Prior to the experiment, the subjects were
explained the experimental procedures and duration before they
signed the consent forms.
During the experiment, the subject was seated beside the
system. The shoulder was in 90 abduction. The affected
forearm was attached to the manipulandum, and the subject
was asked to grasp the handle of the manipulandum. The
orthosis and strap were used to secure the forearm in position.
A computer screen was placed in front of the subject to provide
visual information of the target angle for the subject to follow,
and the subject was instructed to complete the following tasks.
1) The MIVE and MIVF torques were measured for the af-
fected elbow flexors and extensors when the elbow was
positioned at a 90 angle in the horizontal plane, since the
maximum MIVE and MIVF torques across all elbow an-
gles could be achieved at nearly 90 [47]. The EMG signals
during MIVE were captured to normalize the EMG signal
of the triceps. Three trials were performed for 5 s each, and
the maximum values of the torque and EMG signal were
used.
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2) The subject was asked to perform a repetitive arm move-
ment that began with the elbow at 90 . The computer
screen placed in front of the subject displayed a pointer
for the target angle and a pointer for the actual elbow
joint angle. The subject was to try to control the elbow
movement to track and match the target pointer that was
displayed in real time. In each trial, after a 3-s delay from
the beginning of the time that the target pointer appeared
ready on the screen so that the subject was able to get
ready, the target pointer would move from 90 to 0 at a
constant velocity of 10 /s, which was deemed beforehand
as a reasonable speed for most of the subjects to follow,
and the subject was to extend his/her affected elbow to
track using the myoelectrically controlled system. Then
the target pointer would pause at 0 for 3 s. Following
this, the target pointer would come back from 0 –90 at
a constant speed of 10 /s to complete one cycle, and the
subject flexed his/her affected elbow with the myoelectri-
cally controlled robotic system to track the target pointer
back to 90 . Five cycles were conducted in each trial,
and it took 2 min to complete one trial. During elbow
extension, the robotic system continuously generated an
assistive torque that was proportional to the amplitude of
the processed triceps EMG signal in order to assist elbow
movement, together with a constant resistive torque that
was a percentage of the MIVE torque. The EMG level and
maximum isometric voluntary torque could be changed
during the 20 sessions of training. We used the maximum
isometric voluntary torque to find the EMG activation level
in each training session, and the system could keep the ag-
onist muscle training at a certain level of muscle activation
throughout all of the training sessions. The assistive torque
and resistive torque provided by the system were based on
(1)–(3). During elbow flexion, there was only a constant
resistive torque that was a percentage of the MIVF torque,
and no assistive torque was applied. This was because
elbow flexion could be more easily performed than elbow
extension in the affected arm of subjects after stroke. All
eight subjects could flex their elbows back to 90 without
the assistance. The percentages of resistance for extension
and flexion were the same. Fig. 3 shows the relationship
between the target angle, EMG-torque gain, coefficient
of the resistive torque , raw EMG signal of triceps,
and resultant torque from the motor during a cycle. In a
trial, and the EMG-torque gain were constants. If the
subject could not extend his/her forearm to track the target
pointer, it was suggested to the subject that he/she stop at
his/her largest extended position and wait for the target
pointer to come back and track it again from that point.
There were 18 trials in a training session, comprising
different combinations of EMG-torque gain (50% and
100%) and (0%, 10%, and 20%), resulting in three trials
of each combination (shown in Fig. 4). There was also an
evaluation trial without any assistive and resistive torque
from the robotic system ( and ) conducted
in each session immediately before the experimental trials
commenced. The evaluation trial was used to evaluate the
function improvement of the affected elbow throughout
Fig. 3. Target angle, actual elbow angle, EMG-torque gain (G = 50%), co-
efficient of resistive torque ( = 10%), raw EMG of triceps, assistive torque,
resistive torque, and resultant torque from the robotic system during one cycle.
The negative value of  was the resistive torque during extension and the posi-
tive value was the resistive torque during flexion. There was no resistive torque
during the resting periods, when  was equal to zero. During elbow extension,
the robotic system would generate an assistive torque and a constant resistive
torque; during elbow flexion, there was only a constant resistive torque.
Fig. 4. Experiment protocol for each of the 20 sessions of the rehabilitation
training program. The numbers at the top of the diagram show the sequence of
the trials in each session. EMG-torque gains were provided at two levels (50%
and 100%). Coefficient of the resistive torque, , during elbow extension and
elbow flexion were provided at three levels (0%, 10%, and 20%).
the 20 sessions of training. There was a 1 min resting
period after each trial, and the total training time in one
session was about 1 h. In each trial, the elbow angle and
the target signal were recorded at a sampling frequency of
100 Hz.
D. Evaluation Parameters and Statistical Analysis
Clinical scales were used to evaluate the upper limb functions
before and after the 20-session training program. These scales
included the Fugl–Meyer scale and the motor status scale (MSS)
for the evaluation of motor function [31]–[33], and the modified
Ashworth scale for the evaluation of muscle tone at the elbow
joint [34], [35]. In each training session, the robotic system
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Fig. 5. Trajectories of a subject after stroke with assistance from the robotic
system at different EMG-torque gains during voluntary elbow tracking when
there was no resistive torque.
also provided robot-measured parameters to indicate the func-
tion improvement, which included the active range-of-motion,
maximum voluntary torque, and accuracy during the tracking.
Extension range was used to indicate the improvement of the
active range-of-motion, which was defined as the maximum an-
gular displacement of elbow extension from 90 . The MIVF and
MIVE torques were used to reflect muscle strength. Moreover,
the root mean squared error (RMSE) between the elbow angle
and the target angle in the evaluation trial of each session was
also used as a performance indicator of tracking accuracy. Due
to a large variation with non-Gaussian distribution of the motor
performance among subjects after stroke, a Wilcoxon signed
rank test was used in the present study to verify the statistical
significance of change in the extension range among different
EMG-torque gains, and changes in the variables between pre-
training and posttraining. The significant level was set at 0.05.
All statistical work was performed using SPSS 14 (SPSS Inc.,
Chicago, IL).
III. RESULTS
Fig. 5 shows typical trajectories of a subject at different EMG-
torque gains in the first session of the training program. The sub-
ject could extend his/her affected elbow to a more extended po-
sition with the continuous assistance of the robotic system as a
result of his/her EMG signal. With the increase in EMG-torque
gain from 50% to 100%, the extension range also increased.
Fig. 6 shows the group mean extension range of all subjects
at different EMG-torque gains in the first session of training
when there was no resistive torque. There was a significant in-
crease in the extension range for all subjects with the assistance
of the myoelectrically controlled robotic system (
and 100%), compared with that without the assistance of the
system ( for both comparisons). There was an increase
in extension range when the EMG-torque gain increased from
50% to 100%, but the results did not show significant differ-
ence . The absence of significant difference might be
due to the limited room for further improvement in the exten-
sion range from 50% to 100% and large intersubject difference
Fig. 6. Group mean extension range of all subjects after stroke at different
EMG-torque gains in the first training session when there was no resistive
torque. Vertical bars represent the standard deviation.
in the extension range. Fig. 7 plots the change of elbow trajecto-
ries in sessions 1, 6, 11, and 16 of a single subject. Fig. 8 shows
the group mean extension range with ( , )
and without ( , ) the assistance of the system in
the 20 consecutive sessions. A continuous increase in extension
ranges could be found in trials both with and without the assis-
tance of the system. Extension ranges with the assistance of the
system were significantly larger than that without the assistance
of the system in all 20 sessions .
The results demonstrate that the robotic system with contin-
uous myoelectric control could help subjects after stroke per-
form rehabilitation training in extension ranges that could not be
achieved without the assistive torque. Fig. 9 presents the group
mean RMSE between the target angle and the actual elbow angle
in the evaluation trials of the 20 consecutive training sessions.
The RMSE dropped abruptly during the first eight of the 20
training sessions, and there was little change during the last sev-
eral sessions.
The torque signals measured by the robotic system were also
used to evaluate the improvement in muscle strength during
the rehabilitation training. The group mean MIVE and MIVF
torques of all subjects when the affected elbow was at 90 are
shown in Fig. 10. Increases in the MIVE and MIVF torques
were found during the rehabilitation training, indicating that the
continuous assistance of the myoelectrically controlled robotic
system had a positive effect in developing muscle strength.
After the twenty-session training, there was an increase of
120.3% and 67.4% for the group mean MIVE and MIVF
torques, respectively.
Table I summarizes the mean values standard deviations
of clinical variables and robot-measured parameters, their dif-
ference, and the value of the comparison between pre- and
post-twenty-session training. There was a statistically signifi-
cant decrease in the modified Ashworth score after the twenty-
session training that reflected the improvement in muscle tone
in the affected elbow. There were significant increases in the
Fugl–Meyer score for the shoulder and elbow and MSS, which
reflected an improvement in upper limb motor functions, and
there was no significant increase in the Fugl–Meyer score for
the wrist and hand. The RMSE between the measured elbow
angle and the target angle showed a statistically significant de-
crease, and the extension range showed a statistically significant
increase. There was also a statistically significant increase in the
MIVF and MIVE torques when the elbow angle was at 90 .
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Fig. 7. Change of elbow trajectories of a subject after stroke in sessions 1, 6, 11, and 16 when there was no assistive torque (G = 0%) and assistive torque
(G = 100%) (dotted line: the target trajectory; solid line: G = 0%; dashed line: G = 100%).
Fig. 8. Group mean extension range of the actual elbow trajectory with (dotted
line: G = 100%,  = 0%), and without (solid line: G = 0%,  = 0%)
assistance from the robotic system of all subjects after stroke in the 20 training
sessions. The vertical bars represent the standard deviation.
IV. DISCUSSION
Assistive and Resistive Torque Effects: Although there are
many studies that have reported that using an EMG-triggered
FES system has a positive effect on restoring limb function, a my-
oelectrically controlled robotic system has often been applied as
an assistive device rather than as a therapeutic device [26]–[28].
Stein et al. reported an electromyography-controlled exoskeletal
upper-limb-powered orthosis for exercise training after stroke
[36], but clinical scales were the only parameters investigated in
their study. This present study investigated the therapeutic effect
of robot-assisted rehabilitation using continuous myoelectric
control in terms of clinical scales as well as robot-measured
parameters. Our results showed that the robotic system might
assist subjects after stroke to extend their affected arm to a more
extended position for training than they could through their own
Fig. 9. Group mean RMSE between the target trajectory and the actual elbow
trajectory of all subjects after stroke in the 20 training sessions. Vertical bars
represent the standard deviation.
voluntary efforts. Ada et al. suggested that the training of mus-
cles at their shortened lengths was more effective in developing
muscle strength in patients after stroke as they have selective
muscle weakness at shortened ranges [37], [38]. However, it is
difficult or even impossible for such patients to reach an extended
elbow position due to contracture [45], spasticity [46] or muscle
weakness [38], [47]. The assistive function of the myoelectri-
cally controlled robotic system could enable patients after stroke
to perform voluntary training at a more extended position, as
shown in Fig. 8. The improvements in Fugl–Meyer score for the
shoulder and elbow, MSS, and modified Ashworth score in the
present study were comparable with that reported in others’ work
[6], [9], [36]. Colombo et al. investigated the therapeutic effect of
robot-aided stroke rehabilitation on upper limb functions using
admittance control. The improvement in extension range in our
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Fig. 10. Group mean MIVE (solid line) and MIVF (dotted line) torque of all
subjects after stroke in the 20 training sessions. The vertical bars represent the
standard deviation.
TABLE I
VALUES OF CLINICAL SCALES AND ROBOT-MEASURED VARIABLES PRE- AND
POST-TWENTY-SESSION TRAINING PROGRAM FOR ALL SUBJECTS AFTER
STROKE, IN WHICH S/E = SHOULDER AND ELBOW, W/H = WRIST AND
HAND ( , p < 0:05)
study is larger than that reported in Colombo et al.’s study [6],
which might be due to the contribution of myoelectric control
and voluntary training in the extended range through the aid of
assistive torque. The improvement in extension range might also
relate to the increase in muscle strength shown in Fig. 10 and
the decrease in muscle cocontraction [39]. The improvement of
Fugl–Meyer score for the wrist was not found to be significant,
which may be due to the rehabilitation training being conducted
on the elbow joint only.
The clinical effect of resistive torque is still controversial,
with some studies showing that there is no significant difference
between robotic progressive-resistance therapy and active-assis-
tance therapy [48], while other studies reported that high-in-
tensity resistance training is effective for developing muscle
strength [40], [41]. In this present study, a resistive torque was
applied to keep agonist muscle activation at a level that could
occur in daily activities rather than in free movement without
any load or no interaction with other objects. Under a condition
of only resistive torque and no assistive torque, the system might
affect the range-of-motion and the subject would only be trained
at the joint within a more limited range in which muscle had suf-
ficient strength against the resistive torque. The combination of
assistive torque and resistive torque in this present study would
help subjects after stroke to perform resistance training within a
larger range-of-motion. The results showed increases in muscle
strength of the elbow flexor and elbow extensor, and improve-
ments in the range-of-motion after the twenty-session training
program. The RMSE shows the relationship between the target
and actual trajectories. The RMSE correlated with the exten-
sion range and also correlated with the motor control ability
of the subject. During the first eight sessions of the training
program, the extension range showed significant improvement,
which caused a larger decrease in the RMSE.
Interactive Control: Although passive movements have been
shown to have beneficial effects on restoring upper limb func-
tions [42], rehabilitation training with the subject’s intention
input, such as interactive control, is preferred [43] and widely
applied in current rehabilitation robots. The voluntary efferent
output and the afferent sensor input form a sensorimotor cycle,
which might promote motor relearning in subjects after stoke
[18]. Impedance control has been implemented in MIT-MANUS
to ensure a compliant trajectory, and the output torque is based
on the patient’s position error from the desired position. Admit-
tance control in Colombo et al.’s robotic system could generate
an angular displacement in response to a patient’s torque [6].
Cozens et al. proposed an assist feedback control scheme that
could detect spasticity from acceleration and provide a ramp
torque in the movement if the acceleration was beyond the preset
value [43]. The amount of interaction from the above-mentioned
robotic systems was based on the subject’s performance. If a sub-
ject after stroke has limited movements with no measurable net
torque or kinematic data at some positions, these systems would
provide no interaction but passive movement. In EMG-triggered
on–off control, there was no other direct relationship between the
EMG signal and the assistance from the external supplemental
device once the device was triggered [18], [25]. In addition, the
system could not be triggered within the interval between two
trigger events, which might limit the interaction between the
external assistance and efferent output from the central nervous
system. Our system in the present study provides a type of assis-
tance driven by the myoelectric signal whenever the EMG signal
is present, which might provide an alternative way for subjects
to interact with the device. The subject needs to learn how to
coordinate and control his/her muscle activation throughout the
training. Therefore, continuous proportional myoelectric control
might have an advantage in robot-aided stroke rehabilitation
in that it provides more interaction during the whole motion.
The assistance from the robotic system could help the subject
to further extend the affected elbow.
Limitations and Future Work: The present study has some
limitations in the following aspects: although positive effects
had been found in the subjects after stroke after their twenty-ses-
sion training program with a continuous myoelectrically con-
trolled robotic system, the research suffered from the absence
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of a control group. Thus, the improvements we found cannot
be conclusively attributed to the continuous myoelectric con-
trol. In order to confirm the therapeutic effect of the continuous
myoelectric control in robot-aided rehabilitation, further com-
parisons should be made with other robotic systems that use
different control strategies, such as impedance control [5], [8]
and admittance control [6], through a large-scale randomized
control trial. Moreover, the effects of different combinations of
assistive torque and resistive torque on motor recovery may also
need further investigation.
V. CONCLUSION
The feasibility of robot-aided rehabilitation using continuous
myoelectric control for subjects after stroke was investigated in
this study. The myoelectrically controlled robotic system could
provide continuous assistive torque in proportion to the ampli-
tude of the subject’s electromyographic signal from the triceps
and enabled the subjects after stroke to perform training beyond
their initial voluntary range-of-motion. After the twenty-session
training program, the results showed improvements in upper
limb functions in terms of clinical scales and robot-measured
parameters, which imply the system’s potential to be applied in
stroke rehabilitation.
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